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MAGNETIC BEARItIG APPARATUS 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates to a magnetic Jbearitig apparatus 
and to, for example, a magnetic bearing apparatus for reducing 
vibration caused by run-out in a radial direction of a rotor. 

2. Description of the Related Art 

A magnetic bearing is constituted by the arrangement of, for 
example, a plurality of coils (electromagnets) around both end 
portions of a rotor ( rotary member) , In an ordinary bearing/ a rotor 
is pivotally supported by means of ball bearings or the like. However/ 
in the magnetic bearing, a magnetic field generated by coils is 
applied to the rotor and an attractive force due to this magnetic 
field is balanced so that the rotor is supported in a non-contact 
manner in a constant position in a space. 

A run-out of the rotor (a shift in the radial direction from 
the constant position, i.e., a shift in the radial direction of 
the rotor) is detected by means of a radial direction sensor arranged 
in the vicinity of the magnetic bearing portion. In order to adjust 
the attractive force of the coils so that the run-out always falls 
within a constant range, a current of the coils is fed back and 
controlled. 

In such a system where the rotor is supported by the magnetic 
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bearing and rotated, there are some cases where a gravitational 
center {or inertia center) of the rotor and a rotary axis of the 
rotor are not identified with each other. When the rotor is rotated 
in such a condition, in the rotor, a run-oiat rotation in synchronism, 
with a rotary cycle of the rotor caused Jay the misalignment between 
the gravitational center and the rotary axis would generate. In 
order to suppress the run-out rotation, the magnetic bearing 
generates a brake force in synchronism with the rpm of the rotor. 
Due to this cyclic brake force, the run-out in synchronism with 
the rpm of the rotor on the stator side where the magnetic bearing 
coils are arranged would generate in accordance with the law of 
action and reaction. 
Zl in the case where the magnetic bearing is used in a system 

~, where the generation of vibration must be suppressed^ the 

above-described vibration causes a problem. 
f!4 for instance, in the case where a turbo molecular pump carrying 

a magnetic bearing is used in an electronic microscope and so on, 
it is one of serious problems to be solved how the vibration generated 
in the turbo molecular pump is controlled. 

A number of researches for suppressing the vibration caused 
by the above-described misalignment between the rotary axis of the 
rotor and the gravitational center thereof have been made. For 
instance, Japanese Patent Laid-open No. 259854/1995 discloses a 
magnetic bearing apparatus as such a magnetic bearing. 
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This magnetic bearing apparatus is shown in Fig- 11. A rotor 
110 is pivotally supported at an air gap XO from, coils 107 and 108 
by the balance of the attractive force of the coils- The vibration 
AX of the rotor 110 is detected by means of a radial direction sensor 
109 and a shift detector circuit 102, A magnetic bearing control 
circuit 101 feeds to, power amplifiers 103 and 104 a signal of current 
to flow through the coils 107 and 108 for offsetting AX. 

In accordance with a signal of the magnetic tearing control 
circuit 101, the power amplifier 103 feeds a current lO+AI to the 
O coil 107 and the power amplifier 104 feeds a current lO-Al to the 
yj coil 108. The rotor 110 is returned back to a constant position 
W XO by means of the attractive force of the coils 107 and 108 receiving 
111 this current feed. Here, 10 is a bias current to flow through the 
= coils 107 andlOS, and Al is the shift component of coils by apositional 
p control signal of the rotor generated in the magnetic bearing control 
in circuit 101 when the air gap is generated by AX. 
H The magnetic bearing apparatus disclosed in this Japanese 

Patent Laid-open No. 259854/1995 is to separately control AT for 
a frequency (expressed as fr) equal to the rpm of the rotor 109 
and the frequency components other than that out of power spectrum 
of the shift signal outputted from the radial direction sensor 109. 

The explanation will be given with reference to Formulae. In 
general, the attractive force F generated by the coils used in the 
magnetic bearing is given by the following Formula, 
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F=K-{ (lO+AI) /(XO+AX) }^ (1) 

Where, k is the constant determined by the number of turns 
or the shape of the coils . 

A band-pass filter for passing a signal of the frequency fr 
and a band-pass filter for passing signals other than the frequency 
fr are connected in parallel with each other within the magnetic 
bearing control circuit 101. The shift signal AX of the rotor 110 
is inputted into these filters and this signal is separated into 
p the component having the frequency f r and the others ( The components 
due to the run-out by the misalignment between the rotary center 

'"■'■4 

fp of the rotor 110 and the inertia center thereof is included in the 

iil 

|(fi signal of the frequency component fr) . 

For the shift signal AX having the components other than the 
p frequency fr obtained from the band-pass filters , the current of 
111 the coils are fed back and controlled tn the same manner as in the 
conventional magnetic bearing apparatus . 

For the component AX having the frequency f r obtained through 
the band-pass filters is controlled to become the value expressed 
by the following Formula (2). Then, the attractive force of the 
coils is kept constant as indicated by Formula (3). 

AI=(I0/X0)AX (2) 

F=K( lO/XO )^ (3 ) 

As shown in Formula (3), since for the vibration having the 
frequency component f r, the attractive force for affecting the coils 
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107 and 108 is always kept constant/ there is no vibration of the 
frequency fr in the magnetic bearing portion. Namely , the vibration 
(having the frequency fr) caused by the misalignment Joetween the 
rotary axis and the inertia axis of the rotor 110 (in other words, 
it is safe to say that the gravitational center of the rotor 110 
is not on the rotary axis) would not generate- 

Note that a magnetic pole is provided in the central portion 
of the rotor supported at both ends by the magnetic bearings . The 
stator provided with coils (motor windings) is arranged around its 
'^w periphery. A motor portion is formed in the rotor, in this case, 
.iJ when the rotor is vibrated in the radial direction, there is an 
unbalance in the magnetic force affecting the rotor by the magnetic 
field generated by the stator. This unbalance of the magnetic force 
}^ is one of causes for generating the vibration upon the rotation 
of the rotor. 

r:^ However, in the magnetic bearing apparatus disclosed in this 

Japanese Patent Application Laid-open, the vibration caused by the 
magnetic bearing per se may be suppressed but the vibration caused 
by the unbalance of the magnetic force in the above-described motor 
portion could not be suppressed although the existence thereof is 
clear. 

Note that, brush-less DC motors carrying strong permanent 
magnets have been extensively used in accordance with the recent 
demands for miniaturization and high efficiency of the motors - In 
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the case where the motor portions are formed by these motors, the 
vibration is likely to generate due to the magnetic unbalance 
concomitant with the phase of the permanent magnets in addition 
to the simple unbalance of the magnetic force caused by the difference 
in air gap intervals. 

Further, there would be some cases where the rotor sticks to 
the stator due to the attractive force of the magnetic field so 
that the rotor could not be lifted by the magnetic bearings . In 
some cases, for this reason, the magnetic bearings must be enlarged 
more than necessary and the capacitance of the current amplifier 
must be increased. 

Accordingly, in view of this point, an object of the present 
invention is to provide a magnetic bearing apparatus for reducing 
vibration in a bearing portion and a motor portion. 



In order to attain the above -described object, according to 
the present invention, there is provided a magnetic bearing apparatus 
characterized by comprising a rotor, a motor portion provided in 
the rotor for rotating the rotor by a magnetic force, magnetically 
supporting coils for magnetically supporting the rotor in a 
predetermined position, a magnetic force unbalance obtaining means 
for obtaining an unbalance of the magnetic force generated in the 
motor portion by the rotor run-out in the radial direction from 



SUMMARY OF THE INVENTION 
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the predetermined position and to be applied to the rotor and a 
magnetically support adjustment means for adjusting the magnetic 
force of the magnetically supporting coils so as to resist the 
unbalance of the magnetic force. 

If the magnetic bearing apparatus is thus constructed , the 
force resisting the unbalance of the attractive force between the 
rotor and the stator generated by run-out of the position of the 
rotor in the radial direction is caused to generate in the magnetic 
bearing to thereby laake it possible to reduce the vibration of the 
stator . 

Further, the predetermined position of the rotor may be the 
m position obtained in the case where the rotor is rotated with the 
ill rotary axis of the rotor passing through the gravitational center 
f of the rotor, i.e., when the rotor is rotated about the inertia 
y center or the position obtained in the case where the magnetic force 
1^ of the coils are corrected so that the magnetic force to be applied 
f& between the coils and the rotor is kept constant for one cycle through 
which the rotor is rotated for the variation of the air gap of the 
magnetic coils and the rotor and generated when the rotor is rotated 
about the intertia center. 

The motor portion may be, for example, a brush-less DC motor. 
The brush-leiss motor is composed of a permanent magnet fixed to 
a rotor and a plurality of coils arranged around this permanent 
magnet. Then, the magnetic poles of these coils are switched over 



7 



'O1$1OH150(^) 1«|0 5^^ fe^t'.ADAMS & WILKS li:t-f3-^>r;Wyy i) »,||| R:r40 

in order to generate a rotary magnetic field so that the permanent 
magnet of the rotor is caused to attract and follow the rotary magnetic 
field to thereby rotate the rotor. 

When the position of the rotor is swung in the radial direction, 
an unbalance is generated in the attractive force between the 
permanent magnet and the coils. This is a cause for vibration of 
the motor portion. For this reason, the attractive force for 
offsetting the unbalance of this attractive force is generated in 
the coils of the magnetic bearing portion. 
O Fiirther, it is possible to calculate the run-out of the rotor 

in the motor portion by detecting the run-out of the rotor by a 
Cy radial direction sensor and from, the geometric positional relation 
Ijn among the motor portion, the radial direction sensor and the rotor 
s and this value- If the run-out of the rotor in the motor portion 
O is inferred, it is possible to obtain the unbalance between the 
1:0 rotor and the stator in the motor portion from the angle of the 
magnetic field and the rotational angle of the magnetic poles of 
the rotor and the value of this run-out vibration through calculation 
or experimental values . Then, it is possible to control the bearing 
force of the magnetic bearing so as to offset the unbalance of the 
magnetic force- in addition, the unbalance of the, magnetic force 
may be kept in the form of a database of the angle of the magnetic 
field, the rotational angle of the magnetic poles and the run-out 
vibration of the rotor as variables in advance, rhen, when the 
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unbalance of the magnetic force is obtained from the run-out vibration 
of the rotor, it is possible to obtain the unbalance from the database 
by using the angle of the magnetic field, the rotational angle of 
the magnetic poles and the amount of run-out at this time. 

Further, the unbalance of the attractive force due to the 
run-out of the rotor in the motor portion may be inferred from the 
value of the sensor directly mounted within the motor for detecting 
the magnetic flux between the rotor and the stator . The relationship 
of the unbalance of the magnetic force between the rotor, the stator 
w ajjfj ^YiQ value of the magnetic flux detected by the sensor, the angle 
'^^ of the magnetic field and the rotational angle of the magnetic poles 
are obtained through the magnetic field analyses or experiments, 
t' J Further, a sensor such as an acceleration sensor for obtaining 

the vibration generated by the rotation of the rotor is installed 

in, for example, the stator of the motor portion and is subjected 

m , . . . 

to a mechanism for controlling the current of the coils of the magnetic 

bearing portion so that the vibration to be detected by the sensor 

upon the rotor rotation is reduced, whereby the vibration generated 

by the rotation of the rotor may be further reduced. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Pig. 1 is a view showing a magnetic bearing apparatus in 
accordance with an embodiment of the present invention. 

Fig. 2 is a cross-sectional view of a motor portion 10 taken 
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along the line A-A of Fig. 1. 

Fig. 3 is a view showing a magnetic force of a stator coil 
acting on a rotor in the case where the rotor is not provided with 
any permanent magnet H, 

Pig, 4 is a view showing a magnetic force of a stator coil 
acting on a rotor in the case where the rotor is provided with a 
permanent magnet 11. 

Fig. 5 is a vector diagram showing a magnetic force, of each 
stator coil, acting on a permanent magnet 11. 

Fig- 6 is a view showing a magnetic force, of the stator coil, 
acting on the permanent magnet 11 in the case where the rotor is 
swung by AX in the x' direction- 

Fig. 7 is a vector view showing a magnetic force, of the stator 
coil, acting on the permanent magnet 11 in the case where the rotor 
is swung by AX in the x' direction., 

Fig. 8 is a table showing a relationship of Psx and Fsy together 
with a pattern etc. of magnetic field of the stator coil. 

Fig. 9 is a view showing the attractive force of the coil of 
the magnetic bearing and the rotor. 

Fig. 10 is a block diagram showing a control system of the 
magnetic bearing apparatus according to the present invention. 

Fig. 11 is a view showing a conventional magnetic bearing 
apparatus . 
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DESCRIPTION OF THE I'REF ER REP EMBODIMENTS 

An embodiment of the present invention will now be described 
with reference to Figs. 1 to 10 in more detail. 

Fig, 1 is a view showing a magnetic bearing apparatus in 
accordance with the embodiitient » 

It is assumed that, as shown in the drawings, the x-axis is 
directed from the center of the cross-section of the rotor 1 upwardly 
in the paper surface and the y-axis is directed from the paper surface 
in a direction backwardly. 

Magnetic bearing portions 8 and 9 and a motor portion 10 are 
formed at both ends and a central portion of the rotor 1 , respectively . 
Coils 3a and 3b are arranged at a predetermined air gap in the magnetic 
bearing portion 8. The coils 3a and 3b attract the rotor 1 with 
each other and the rotor 1 is held in a non-contact mariner in a 
predetermined position in the x-direction by the balance of the 
attractive force- Although not shown, a pair of coils 3c and 3d 
are arranged also in the y-direction and the rotor 1 is held in 
a predetermined position in the y-direction. 

A radial direction sensor 2a is further arranged in the 
x~direction in the end portion direction of the rotor 1. The radial 
direction sensor 2a detects the run-out of the rotor 1 in the 
x-direction in a non-contact manner. Further, although not shown, 
a radial direction sensor 2b for detecting the run-out of the rotor 
1 in the y-direction is arranged in the y direction (in the paper 
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backside direction) in the same manner. 

The control unit of the magnetic bearing apparatus detects 
the run-out of the rotor 1 by means of the radial direction sensors, 
performs the feedback control of the current of the coils 3a and 
3b on the basis of this value ^ and performs the feedback control 
so that the air gap in the x direction of the bearing portion 8 
becomes a predetermined value. Although not shown^ also in the y 
direction r the magnetic force of the coils 3c and 3d is fed back 
and controlled so that the air gap in the y direction of the bearing 
portion 8 becomes a predetermined value. 

In the same manner, the coils 5a and 5b in the x direction, 
the coils 5c and 5d (not shown) in they direction, the radial direction 
sensor 4a in the x direction and the radial direction sensor 4b 
in the y direction are arranged in the magnetic bearing portion 
9. The structure and function of these components are the same as 
those of the bearing portion 8 . 

The motor portion 10 is composed of a permanent magnet 11 
composed of an N-pole and an S-pole fixed to the rotor 1 and a stator 
where six coils are arranged around this permanent magnet 11. In 
view of the drawing capacity, two coils 6a and 6b are shown- 

The drive of the motor portion 10 is perfomed by feeding 
three-phase alternating current to these coils 6a and 6b and the 
like and by switching the polarities of the coils in order, thereby 
generating a rotary magnetic field. The N-pole and S-pcle of the 
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permanent magnet 11 fixed to the rotor 1 are attracted, to the rotary 
magnetic field so that the rotor 1 rotates in accordance with the 
rotation of the magnetic field. 

Hereinafter, the sensors and the coils are simply referred 
to as, for example, sensor 2, coil 6 in the case where the components 
are the same elements like the sensors 2a and 2b and the coils 6a 
and 6b and do not have to be distinguished from each other. 

In the embodiment, in the thus constructed magnetic bearing 
apparatus, the unbalance of the magnetic force generated in the 
motor portion 10 by the run-out of the rotor 1 in the following 
steps is obviated. 

( 1 ) The run-out of the rotor 1 in the motor portion 10 is inferred 
from the run-out of the rotor 1 detected by the radial direction 
sensors 2 and 4 . 

(2) The unbalance of the magnetic force whose generated 
magnetic field affects the permanent magnet 11 in the coils 6 is 
inferred from the run-out of the rotor 1 in the motor portion 10. 

( 3 ) The above-described unbalance of the magnetic force is 
offset by means of the attracting force (magnetic force) of the 
magnetic bearing portions 8 and 9 to the rotor 1 . 

The above-described (1) to (3) will now be described below. 

(1) The run-out of the rotor 1 in the motor portion 10 is inferred 
from the run-out of the rotor 1 detected by the radial direction 
sensors 2 and 4, 
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The run-out of the rotor 1 is detected by the radial direction 
sensors 2 and 4 and the run-out of the rotor 1 in the motor portion 
10 is calculated from the geometric positional relation of the radial 
direction sensors 2 and 4, the motor portion 10 and the rotor 1. 

If the method for thus estimating the run-out of the rotor 
1 in the motor portion 10 from the detection values of the radial 
direction sensors 2 and 4 is adapted/ it is possible to utilize 
the well known sensors without any necessity to install a new sensor 
for detecting the run-out of the rotor 1 in the motor portion 10. 
C3 As shown in Fig. 1 , L is the distance from the gravitational 

ijQ center 7 , of the rotor 1 to the center of the coil 6 , Lb is the distance 
in to the center of the coil 5 of the magnetic bearing, Tb is the distance 
in to the radial direction sensor 4, La is the distance to the center 
of the coll 3 and Ta is the distance to the radial direction sensor 
|3 2. Note that, these distances are the distances in the axial 
If! direction of the rotor 1. 

I* Now, if Xa>:sin^ 1 is the run-out in the x direction of the 

rotor 1 detected by the radial direction sensor 4a and Xbxsin0 2 
is the run-out in the x direction of the rotor 1 detected by the 
radial direction sensor 2a/ the run-out AX in the x direct ion of 
the rotor 1 of the motor 10 may be expressed by the following formula . 
Here, 9l and (9 2 represent the phases at any time t, respectively. 
The phase 0 is generally expressed by = a)>«t where co is the angular 
velocity of the rotor 1 and t is the time. Also, the run-out AY 
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of the y direction is also calculated by the radial direction sensors 
2b and 4b. 



(2) The unbalance of the magnetic force of magnetic field 
generated by the coils 6 to the permanent magnet 11 is inferred 
by the run-out of the rotor 1 in the motor portion 10. 

Then, the method for obtaining the unbalance of the magnetic 
force generated between the magnetic pole 11 and the magnetic field 
generated by the coils 6 from the run-out of the rotor 1 in the 
motor portion 10 will now be described. 



The mechanism of the brush-less DC motor will first be 
described . 



Fig, 2 is a cross-sectional view taken along the line h-h of 
Fig. 1. The number of the coils 6 is six as shown in the drawing. 
The u, V and w phase currents are caused to flow through the coils 
6e and 6t, 6c and 6d and 6a and 6b, respectively. The respective 
coils form the pairs . The conductive wires are connected with each 
other so that the polarities are opposite when the currents are 
caused to flow. For example, when the current of U phase is caused 
to flow in a direction of the coils 6e and 6f / the coil 6f becomes 
the N-pole and the coil 6e becomes the S-pole, whereas when the 
current is reversed, the coil 6t becomes the S-pole and the coil 
6e becomes the N-pole. The same relationship is established for 



A X=Xa+ ( Xb-xa ) x { Ta+L ) / ( Ta+Tb ) 



(4) 



A Y=Ya+ ( Xb-Xa ) x { Ta+L ) / ( Ta+Tb ) 



(5) 
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the coils 6c and 6d of the V phase and the coils 6a and 6b of the 
W phase. 

Under the condition shown in Fig. 2, the U and V-shape coils 
are magnetically excited, and the composite magnetic field (the 
magnetic field/ the direction indicated by an arrow 21 of thick 
solid lines) is in the x' direction. Note that, the x' axis is in 
the direction from the N-pole to tlie S-pole of the composite magnetic 
field and the direction perpendicular to this is in the y' axis 
(in the coil direction of the non-electric supply phase). 

The currents to be fed to the coils 6 are switched over in 
order to switch the polarities of the coils 6 one after another 
' :: so that the composite magnetic field is rotated in a direction where 
" the rotor I is to be rotated as desired (for example, in the direction 
i;^. indicated by an arrow 2 0 indicated by a thin line). The permanent 

t„-i. 

magnet 11 fixed to the rotor 1 is attracted to this rotary magnetic 
J": field to rotate the rotor 1. The switch-over of the currents is 
controlled by a motor driver while detecting the position of the 
magnetic poles 11. 

As shown in Fig. 2 , the maximum torque is applied to the rotor 
1 when the composite magnetic field of the coils 6 is at 90 degrees 
to the direction of the magnetic field of the permanent magnet 11. 

Note that, when the phases of the currents to be fed to the 
coils 6 are switched over to thereby rotate the magnetic field, 
the following explanation will be given assuming the above-described 
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X' axis and y axis are also rotated. 

Next, in the case where the run-out generates in the rotor, 
in the motor portion 10, it will be discussed how unbalance of the 
magnetic force influences in the rotor 1. 

First of all, the condition that the run-oat is not generated 
in the motor portion 10 , i.e., the case of X0=YO=(5' 0 will be discussed . 
Here, XO and YD are the air gaps between the coils 6 and the rotor 
1 in the x' direction and the y' direction when the rotor 1 is at 
the center of the motor, respectively. cS'O is a predetermined 
constant - 

If the permanent magnet 11 is not loaded on the rotor 1, as 
shown in Fig. 3, the magnetic forces applied to the rotor 1 are 
Fl, F2, f3 and F4, and the Fl and F4 and the F2 and F4 are opposite 
in size and direction. Accordingly, the composite force obtained 
by adding Fl to F4 becomes zero. Accordingly, there is no unbalance 
in magnetic force. 

Then, the magnetic force acting on the rotor 1 from the coils 
6 when the rotor 1 carrying the permanent magnet 11 is in the center 
of the motor will be discussed. 

An example of the magnetic force acting on the rotor 1 in this 
case is shown in Fig, 4. The permanent magnet 11 receives the magnetic 
forces Fl to F6 from the coils 6. The vector view showing the 
relationship among these forces is shown in Fig. 5. As shown in 
this drawing, since F3 and F6, F2 and F5 and Fl and F4 are opposite 
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to each other in direction but the same in size^ respectively, the 
sum of these forces becomes zero so that no force in the radial 
direction generaties in the rotor l. However, as is apparent from 
Fig. Af the magnetic forces Fl to F6 generate a torque for rotating 
the rotor 1 in the direction indicated by an arrow 22. Namelyy the 
force for moving in the radial direction the rotor 1, which causes 
the motor portion 10 to vibrate, is not generated but only the torque 
for rotating the rotor 1 generates . However, in general , the run-out 
of the rotor 1 generates in the motor portion 10, with the result 
that the unbalance of the magnetic force generates and the vibration 
generates in accordance with the rotation of the rotor 1 . 

The magnetic force of the magnetic field by the coils 6 acting 
on the rotor 1 in the case where the rotor 1 is swung by ax in the 
X direction in the motor portion 10, as shown in Fig. 6, will be 
discussed. In this case, the following relationship is established. 

|Fl|<lF4l <6) 

|F6l<lF3! (7) 

Now, if <5"0=ltrani] and AX=0.2[mm], the following formulae are 

given . 

X0-AX=0.8[mm] (8) 

X0+AX=1 .2[mml (9) 

It is assumed that the magnetic force acting between the rotor 
1 and the coil 6 is in proportion to the second powered value of 
the air gap, the following relationship is substantially 
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established. 

|Fl|=(0.a/l-2)^xlF4|=0.444|F4| (10) 

|F6[=(0.8/1.2)^x|F3 |-0.444|F3| (11) 

The forces Fl to F6 are shown in the vector view of Fig . 7 . 
It will be understood that the composite vector 23 of the magnetic 
forces (Fsx) is in the -y' direction- Note that, F2 and F5 are the 
same in size and opposite in direction and hence are offset. 

From the above, it will be understood that, when the rotor 
is swung in the x direction, the magnetic force Fisx in the -y direction 
J'^J from the magnetic field generated by the coils 6 is applied to the 
ij rotor 1. Here, the angle a is the angle formed by the x' axis and 
the F3 . 

Itl 

Tj Also, in the same manner, when the rotor 1 is swung in the 

Li y direction, the magnetic force Fsy in the -x' direction from the 

2 magnetic field generated by the coils 6 is applied to the rotor 

If! 

g 1. 

in the case where the rotor 1 is swung by AX in thex' direction 
and swung by AY in the y direction, the magnetic force Fs applied 
to the rotor 1 is the composite force of Fsx and Fsy and is given 
by the following formula. Here, any one of Fs, Fsx and- Fsy is a 
vector amount . 

Fs=Fsx+Fsy (12) 

The method for seeking Fsx will now be described. 

Fsx is a function of three valuables of AX, the direction 
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of the magnetic field generated by the coils 6 and the rotary angle 
7 from the maximum torque point of the rotor 1 (assuming that the 
size of the magnetic field generated by the coils 6 is kept constant) ♦ 
This is the case with respect to Fsy. 

In order to obtain Fs from Fsx and Fsy in accordance with Formula 
(12), Fsx and Fsy are obtained in advance for various values of 
these three variables and formed into the database. This is then 
utilized. 

Incidentally, the directions of the magnetic field generated 
by the coils 6 are six kinds of 0% 60'', 120" 190°, 240'' and 300** 
W -Lji view of the xy coordinate system fixed to the coils 6. However, 
Z^t y is the continuous amount from 0 to 60 (when T reaches 60', the 
^\ magnetic field of the coil 6 is switched over to the next phase 
f and becomes 0 ° ) , and AX is also the continuous amount . Accordingly, 
r-.; if is obtained over all these three variables, the number of 

Yfi the data is tremendous or huge and it is difficult to perform the 
data process or the like. 

Therefore, as shown in Fig. 8, the rotational angle from the 
maximum torque point of the rotor 1 is considered for three cases 
of if 7 is 0% 20" or 40'^ by every 20° . When Fsx is actually obtained, 
if 7 is 0°±io% r is 0', and if y is 20' ±10°, y is 20° and if 
7 is 40° ±10°, 7 is 40°. Here, y is assumed to sort into any one 
of 0°, 20** or 40°. Note that, the above-described rotational angle 
is not limited to 0°, 20" or 40°. 
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If the value of r is thus limited, Psx is a one variable function 
of AX using the direction of the magnetic field generated by the 
coil 6 and y as the two parameters . 

In the same manner, Fsy is a one variable function of AY. 

Pig. 8 shows a table showing the relationship among the 

direction of the magnetic field generated by the coil 6, y and Fsx 
and Fsy. 

This table is divided into six patterns in accordance with 
the direction of the magnetic field generated by the coil 6. The 
respective patterns are further divided into three in accordance 
with three y 's, i.e., 0°, 20*, 40", Then, for example, in pattern 
1/ 7 is fixed to 0 " , Fsx when the rotor 1 is shifted by AX in the 
X' direction is fl( AX) , fl( AX) is obtained with respect to various 
AX by the magnetic field analyses or experiments or the like in 
advance and formed into the database. In the same manner, f2(AX) 
and f3(AX) are obtained and formed into the database. Also, since 
the motor portion 10 has a contrasting structure to each pattern 
of the magnetic field generated by the coil 6, the fl(AX), f2(AX) 
and f3(AX) obtained by the pattern 1 may be applied to the other 
patterns. In the same manner, with respect to Fsy, the gl(AY), 
g2(AY) and g3(AY) are formed into the database. 

Also, the above-described fl{AX) and the like are not formed 
into the database but, for example, the approximation formation 
thereof may be obtained by using a minimum second power method and 
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AX may be substituted for this to calculate the values. 

The direction of the magnetic field generated by the coil 6 
may be obtained by monitoring each current waveform of the U-phase, 
V-phase and W-phase of the motor. 

Also, since y is the relative angle of the magnetic pole 11 
to the magnetic field generated by the coil 6, in, order to obtain 
y , it iis necessary to know the position in the rotational direction 
of the magnetic pole of the permanent magnet 11 and the direction 
of the magnetic field generated by the coil 6. 

The switchover point of the N-pole and the S-pole of the 
permanent magnet 11 is detected. The position of the magnetic poles 
of the permanent magnet 11, i.e. , the phase of the rotor 1 relative 
to the stator is then detected by means of the switchover point 
and the information of the rpm. Here, in order to detect the 
switchover point of the poles of the permanent magnet 11, it is 
possible to use a hardware external sensor such as a Hall element 
or it is possible to use a so-called sensorless driver by which, 
for example, the motor is caused to run free and the switchover 
point is inferred from the induction electromotive force induced 
by the motor windings at this time. 

(3) The above-described unbalance of the magnetic force is 
offset by means of the- attractive force (magnetic force) of the 
magnetic bearing portions 8 and 9 acting on the rotor 1 - 

Then, a description will be made of the method for offsetting 
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the unbalance of the magnetic force between the coil 6 and the rotor 
1 generated due to the run-out of the rotor L in the above-described 
motor portion 10 by means of the magnetic force of the magnetic 
bearing portions 8 and 9. 

Since Fs of Formula (12) is described in terms of the x'-y' 
coordinate system rotating together with the magnetic field, this 
is converted into the x-y coordinate system fixed to the coil 6 
(or stator ) . Since Fa is the vector amount, the x component of this 
is Fx and the y component is Fy. In addition/ with reference to 
Fig. 9, it is assumed that the respective magnetic forces applied 
to the rotor 1 in the x and y directions in the bearing portion 
8 are Pax and Pay and the respective magnetic forces applied to 
the rotor 1 in the x and y directions in the bearing portion 9 are 
Fbx and Fby . For the sake of easy understanding, the explanation 
of the coils of the magnetic bearing will be made only with the 
coils 3a and 3c for the bearing portion 8 and with the coils 5a 
and 5c for the bearing portion 9. The coils 3b, 3d, 5b and 5d operate 
in the same manner as in the coils 3a, 3g, 5a and 5c (not shown) . 



Formulae (13) and (14) are established from the balance of 
the forces applied to the rotor 1. Also, Formulae (15) and (16) 
are established from the balance of the moments about the gravity 
center 7 of the rotor 1. 



Px=Fax+Fbx 



(13) 



Fy=Fay+Fby 



(14) 
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FaxxLa+FbxxLb=-FxxL ■ ■ ■ ■ ■ ( 15 ) 
FayxLa+pbyxLb=-FyxL (16) 

The simultaneous equations of Formulae (13) to (16) are solved 
whereby it is possible to obtain the magnetic forces Fax, Fbx, Fay 
and Fby that are necessary for the magnetic bearings 8 and 9 in 
order to offset the unbalance of the magnetic forces generated in 
the motor portion 10. 

Then, current values for generating the magnetic forces Fax 
and Fay in the coil 3 and the magnetic forces Fbx and Fby in the 
coil 5 become necessary. 

The relationships of Pontnilae (17) to (20) are established 
between the currents fed to the magnetic bearings 8 and 9 and the 
magnetic forces generated. These relationships may be formed into 
the database by obtaining these through the magnetic field analyses f 
the experiments and the like. Also, for example, the appropriation 
formula is obtained by using the minimum second power method. This 
may then be used as a formula of a function f . Here, lax, lay, Ibx 
and Iby are the currents to be fed to the coils 3a, 3c, 5a and 5c, 
respectively . 

Fax=f(iax) (17) 

Fay=f(lay) (18) 

Fbx=f(rbx) (19) 

Fby=f(Iby) (20) 

If the current values are expressed inversely in terms of the 
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magnetic forces from the relationships of Formulae (17) to (20), 
the following relationships are established. Note that, function 
f"^ is the reverse function of the function f. 

In the case where the relationship between the current of the 
coil and the magnetic force generated by the coil are formed into 
the database through the magnetic field analyses, the experiments 
and the like, it is possible to read out the current value for 
generating the necessary magnetic force from the database - 

Iax=f~^(Pax) (21) 

Iay=f-^(Fay) (22) 

Ibx=f"^(Fbx) (23) 

Iby=f-^(Pby) (24) 

Fig. 10 is a block diagram showing a control unit 80 of the 
magnetic bearing apparatus in accordance with the embodiment. 

A rotor phase estimating unit 61 receives a magnetic pole 
switchover signal of the permanent magnet 11 and an rpiu signal of 
the rotor 1 and outputs the position of the magnetic poles of the 
permanent magnet 11. 

The rpm s ignal r epres ents the rpm of the rotor 1 and the permanent 
magnet pole position switchover signal represents the timing when 
the switchover position of the poles of N-pole and S-pole of the 
permanent magnet 11 passes through the sensor installed within the 
motor. The position of the magnetic poles of the permanent magnet 
11 is inferred from both signals. This is outputted to an Fsx 
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calculation section 66 and an Fsy calculation section 69. Here, 
if the permanent magnet magnetic pole position switchover signal 
is counted, the rpni signal may be obtained and the rpm sensor per 
se may be dispensed with. 

The radial direction sensors 3a and 3b of the bearing portion 

8 and the radial direction sensors 5a and 5b of the bearing portion 

9 are connected to a motor portion rotor run-out estimating unit 
63 . The xy components of the run-out of the rotor 1 in the bearing 
portions 8 and 9 are detected by means of the respective sensors. 
These values are inputted into the motor portion rotor run-out 
estimating unit 63, The motor portion 10 rotor run-out estimating 
unit 63 calculates and outputs the run-outs AX and AY of the rotor 
1 in the motor portion 10 on the basis of Formulae (4) and (5). 
Then, XO and YO are added to AX and AY, and XO+AX and yO+AY are 
inputted into an Fsx calculation section 66 and an Fsy calculation 
section 69, respectively. 

An Fsx estimating unit 64 is composed of a pattern estimating 
section 65 and the Psx calculation section 66 . The pattern estimating 
section 65 monitors the currents of the U-phase, v-phase andW-phase 
motor windings and infers the magnetic field generated by the coil 
6 as shown in Fig. 8, i.e., the pattern of the magnetic field. 

The Fsx calculation section 66 obtains the pattern of magnetic 
field from the pattern estimating section 65 and the position of 
the magnetic poles of the rotor 1 from the rotor phase estimating 
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unit 61 to thereby infer the y . Fsx calculation secticn further 



obtains the value obtained by adding the run-out AX of the rotor 
1 in the motor portion 10 to XO from the motor portion rotdr run-out 
estimating unit 63 . Fsx is inferred in accordance with the table 
shown in Fig. S from these three valueS/ i.e. / the magnetic pattern, 
7 / and AX. Fsx is the magnetic force in the -y ' direction generated 
by the run-out AX in the x' direction of the rotor 1. 

An FSX estimating section 67 is composed of a pattern estimating 
section 68 and the Fsy calculation section 69 and infers the magnetic 
force generated in the -x' direction when the rotor 1 is swung in 
the y ' direction i.e./ Fsy in the s ame manner as in the Fsx estimating 
unit 64 . 



An Fs estimating unit 70 receives Fsx and Fsy from the Fsx 
calculation section 66 and Fsy calculation section 69 and composes 
Fs from Formula (12). Fs is the unbalance of the magnetic force 
that the rotor 1 received from the magnetic field in the motor portion 
10 and this amount is the vector amount. 

An x-y component separator 71 receives the vector amount Fs 
from the Fs estimating unit 7 0 and decomposes this into Fx and Fy 
in the x-y coordinate system fixed to the coil 6 or the bearing 
portions S and 9 . Fx and Fy are an x component and a y component 
of the unbalance of the magnetic force applied to the rotor 1 from 
the magnetic field generated by the coil 6 by the run-out in the 
motor portion 10 of the rotor 1, 
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Amagnetic bearing necessary load estimating unit 72 calculates 
magnetic forces Fax,. Fay, Fbx and Fby generated in the magnetic 
bearing portions 8 and 9 that are necessary for offsetting Fx and 
Fy from the balance of the moments about the gravity and the balance 
of the forces applied to the rotor 1 repreisented by the Formulae 
(13) to (16). 

A necessary current estimating unit 73 receives the signals 
of the values of the magnetic forces Fax, Fay, Fbx and Fby from 
the magnetic bearing necessary load estimating unit 72, infers the 
ip current lax, lay, Ibx and Iby that are necessary to generate these 
'=4 magnetic forces by the coils 6 and feed the signal for generating 

jU these currents to current amplifiers 75a to 75d. 

I, iff 

J Also, the radial direction sensors 2 and 4 are connected to 

the coils 3 and 5 of the magnetic bearing portions 8 and 9 through 
P= PID compensators 74a to 74d and current amplifiers 75a to 75d. This 
%j system of the control circuit 80 has been conventionally used to 
control the magnetic bearing apparatus . This portion operates as 
follows . 

The radial direction sensor 2a of the magnetic bearing portion 
8 detects the run-out in the x direction of the rotor 1 in the vicinity 
of the magnetic bearing 8 and outputs its signal to the piD 
(Proportional Integral Derivative) compensator 74a. This is a 
portion for performing the normal PID control to the magnetic bearing 
portions 8 and 9. 
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The P.ID control means the control of the coil currents for 
causing the change of the magnetic attractive force between the 
rotor 1 and the coil 3 to be in proportion to the velocity and the 
run-out of the rotor. The magnetic bearing apparatus obtains the 
bearing force through the PID control* Namely, if the rotor 1 is 
swung in one direction of the radial direction, the magnetic force 
of the coil 3 is fed back and controlled so that this run-out is 
returned back. 

The output signal of the PID compensator 74a is amplified in 
the current amplifier 75a and a predetermined current is fed to 
the coil 7 6a . Then , the rotor 1 obtains the predetermined attractive 
force in the x direction of the bearing portion 8 and is supported 
at a predetermined air gap to the coil 3 . 

The control of the attractive forces in the x and y directions 
in the magnetic bearing portion 9 and the control of the magnetic 
bearing portion 8 in the y direction are performed in the same manner . 

A current value from the necessary current estimating unit 
73 is added to the current value to be fed from the PID coiitpensator 
74a to the current amplifier 75a. Then, the magnetic field generated 
by the coil 7 6a is obtained by superimposing the bearing force for 
holding the rotor 1 in a predetermined position and the magnetic 
force Fax for offsetting the unbalance of the magnetic force by 
the magnetic field generated due the motor portion 10. 

The control of the magnetic bearing portion 8 in the y direction 
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and -the control of the attractive force in the x and y direction 
in the magnetic bearing 9 are performed, in the same way. 

By thus constituting the magnetic bearing apparatus 80, it 
is possible to offset the unbalance of the magnetic forces generated 
in the motor portion 10 due to the run-out of the rotor 1 and to 
thereby suppress the vibration generated in the stator. 

In this embodiment , the run-out of the rotor in the motor portion 
1 0 is inferred from the run-out of the rotor 1 with the radial direction 
sensors 2 and 4 , whereby the unbalance of the magnetic f orceis applied 
to the rotor 1 is inferred. However, for example, it is possible 
to install a magnetic flux detector sensor in the interior of the 
motor portion 10, to directly detect the magnetic flux in the air 
gap within the motor with this sensor and infer the unbalance of 
the magnetic forces applied between the rotor 1 and the coil 6 from 
this value. 

In this embodiment , the magnetic force that the rotor 1 receives 
is determined by the experiments or the like from AX, r and the 
pattern of the magnetic field, and the like. However, in the case 
where the magnetic flux detector sensor is used, the relationship 
among the pattern of the magnetic field, T , the output of themagnetic 
flux detector sensor and the magnetic force that the rotor 1 receives 
is obtained through the experiments, the magnetic field analyses 
and the like and formed into the database. Then, this database is 
searched from the output of the magnetic flux sensor, y and the 
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magnetic pattern upon the operation of the magnetic bearing apparatus 
to thereby infer Fsx and Fsy. 

Also, if an acceleration meter or a vibration meter or the 
like is mounted on a casing of the magnetic bearing apparatus or 
the motor portion 10, whereby the vibration of the motor portion 
10 is detected, and the control unit for adjusting the current of 
the coil of each magnetic bearing portion is added so as to reduce 
the vibration, it is possible to further suppress the vibration 
of the magnetic bearing apparatus. 

According to the present invention, it is possible to reduce 
the vibration due to the unbalance of the magnetic force of the 
motor caused by the run-out of the rotor and to perform the 
miniaturization of the magnetic bearing portion and the high 
efficiency. 

Also , the hardware structure of the magnetic bearing Apparatus 
may be used without any change to the convention one. It is 
unnecessary to newly add the radial direction sensors. What is 
necessary is to add only the structure of the converters for converting 
the magnetic force generated in the coil into the current value 
flowing through the coil, an estimating unit for estimating the 

unbalance of the magnetic force within the motor by using a memory 

I 

or the like or a microcomputer (Microprocessor) or DSP '(Digital 
Signal Processor) within the magnetic bearing control ulnit. 

Also , in order to directly infer or measure the ruin-out of 
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the rotor in the motor portion 10^ it is possible to obtain the 
run-out of the rotor in the motor with high precision,' 

If the function to make it possible to miniaturize the actual 
vibration (acceleration) is added on the basis of the vibration 
generated to the outside of the magnetic bearing apparatus, it is 
possible to further enhance the vibration suppression effect. 



32 



